Abstract: Morphologic heterogeneity among melanocytic proliferations is a common challenge in the diagnosis of melanoma. In particular, atypical melanocytic lesions in children, adolescents, and young adults may be difficult to classify because of significant morphologic overlap with melanoma. Recently a four-probe fluorescence in situ hybridization (FISH) protocol to detect chromosomal abnormalities in chromosomes 6 and 11 has shown promise for improving the classification of melanocytic lesions. We sought to determine the correlation between FISH results, morphology, and clinical outcomes in a series of challenging melanocytic proliferations in young patients. We retrospectively performed the standard four-probe FISH analysis on 21 melanocytic neoplasms from 21 patients younger than 25 years of age (range 5-25 years, mean 14.6 years) from Stanford University Medical Center who were prospectively followed for a median of 51 months (range 1-136 months). The study cohort included patients with 5 confirmed melanomas, 2 melanocytic tumors of uncertain malignant potential (MelTUMPs), 10 morphologically challenging atypical Spitz tumors (ASTs), and 4 typical Spitz nevi. FISH detected chromosomal aberrations in all five melanomas and in one MelTUMP, in which the patient developed subsequent lymph node and distant metastasis. All 10 ASTs, 4 Spitz nevi, and 1 of 2 MelTUMPs were negative for significant gains or losses in chromosomes 6 and 11q. Our findings demonstrated a strong correlation between positive FISH results and the histomorphologic impression of melanoma. This finding was also true for the MelTUMP with poor clinical outcome. Therefore FISH may serve as a helpful adjunct in the classification of controversial melanocytic tumors in young patients.
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Melanoma is rare in children, accounting for only 7% of cancers in patients ages 15 to 19 years (1). As with adult melanoma, tumor thickness, ulceration, lymph node involvement, and advanced stage are negative survival indicators (2) . Small sample size and inadequate clinical follow-up have resulted in limited guidelines for the diagnosis and classification of melanocytic tumors in young patients (3, 4) . Atypical melanocytic lesions are also challenging to diagnose in younger age groups, with a higher incidence of atypical Spitz lesions (5) (6) (7) . This difficulty in analyzing atypical melanocytic proliferations was highlighted recently in an evaluation of an international registry for pediatric melanoma and atypical melanocytic proliferations (1) .
Delayed diagnosis of pediatric melanomas may result in greater mortality (1) and poorer long-term survival in children with localized (90%) versus widespread (60.1%) disease (6) . Misdiagnosis of melanocytic lesions occurs with 40% of conventional Spitz tumors in children overdiagnosed as melanomas (8) . In addition, 14% of melanocytic nevi and 11% of melanomas were misdiagnosed (9) . High interobserver variability is a well-documented occurrence in these atypical melanocytic lesions. Therefore early and accurate diagnosis of melanoma is critical to improve survival and prevent unnecessary surgery, demonstrating the importance of using molecular techniques for diagnosis.
Fluorescence in situ hybridization (FISH) protocols to detect abnormalities in chromosomes 6 and 11 are reported to improve the classification of melanocytic lesions and to provide prognostic information in atypical lesions (10, 11) . A four-probe FISH panel (6p25, centromere 6, 6q23, and 11q13), originally established by Gerami et al (12) , has been used to analyze a range of melanocytic lesions, with more than 80% of known melanomas demonstrating positivity in the FISH panel (12) , 34.7% of atypical Spitz tumors (ASTs) demonstrating negativity (13) , and 15% of benign Spitz nevi demonstrating positivity for a gain in 11p (14) , but current studies have not focused on a young patient population.
There is increasing interest in the histopathologic diagnostic criteria and long-term outcomes of melanocytic lesions in younger age groups (3) (4) (5) , and FISH provides a potential means of improved classification. Children have been included in FISH studies (10, 14) , but direct analysis of FISH results in this age group for typical and atypical melanocytic lesions has not been performed. We sought to determine the correlation between four-probe FISH results, morphology, and clinical outcomes in a series of challenging melanocytic proliferations in young patients with long-term prospective follow-up.
MATERIALS AND METHODS
Following institutional review board approval, the four-probe FISH panel was retrospectively performed on a series of atypical melanocytic neoplasms in patients age 25 years and younger who were identified and have been prospectively followed in the Stanford Pigmented Lesion and Melanoma Clinic/Lucile Packard Children's Hospital pediatric dermatology clinics from April 1999 through December 2013, as previously described (15) . Cases diagnosed from April 1999 to November 2012 with available formalin-fixed, paraffin-embedded (FFPE) blocks were reviewed for four different categories: Spitz nevi, ASTs, melanocytic tumors of uncertain malignant potential (MelTUMPs), and melanomas. Although the majority of our MelTUMPs were of the spitzoid type, two lesions had features of pigmented epithelioid melanocytoma, and thus we elected to use this term rather than Spitzoid tumors of uncertain malignant potential (Fig. 1) or ASTs, which have also been used to describe these challenging lesions. In contrast to the melanomas, complete or focal maturation with increasing dermal depth were more commonly seen in the MelTUMPs (15) . After review by two dermatopathologists (JK, CDJ), 29 cases were included, but 5 lacked adequate tissue for FISH analysis.
Relevant sections on the hematoxylin and eosin (H&E) slides for the 24 cases for FISH were reviewed and pertinent regions outlined. The study cases were then blinded and submitted for testing (Neogenomics Laboratories, Irvine, CA) using the standard four probes for melanoma. Probes consisted of RREB1 (6p25), CEN6 (centromere 6, MYB (6q23), and CCND1 (11q13). According to the FISH protocol at the laboratory, the probe signal cutoff values used were 53% RREB1:CEN6, 42% MYB:CEN6, 16% RREB1, and 19% CCND1 > 2, resulting in 95% specificity and 84% sensitivity ( Fig. 2) (Table 1) (11, 16) .
Clinical features and outcome data were collected and histopathologic analysis of the study cases was performed. Data included age, sex, site of lesion, Breslow depth and staging for melanomas, therapy rendered, date of follow-up, and long-term clinical outcome. Correlations between histopathologic analysis, FISH results, and clinical outcome were evaluated. All statistics were performed using Stata version 11 (StataCorp, College Station, TX).
RESULTS

Patient Demographics
Of 24 cases submitted for FISH, 3 were excluded because FISH results were inconclusive (87.5% efficacy). The remaining 21 melanocytic lesions were from 21 patients with a median age at diagnosis of 16 years (range 5-25 years, standard deviation [SD] 6.26). Fifteen cases had long-term follow-up (≥1 year), with a median 60 months of follow-up overall (range 1-136 months, SD 37.3). There were 11 boys and 10 girls, with similar male-to-female ratios for benign and malignant disease (7:7 and 4:3, respectfully). Girls were, on average, younger than boys (13.7 vs 15.4). 
Tumor Characteristics
There were 4 typical Spitz nevi, 10 morphologically challenging ASTs, 2 MelTUMPs, and 5 confirmed melanomas. Of the Spitz nevi, three were compound and one was junctional. Six of the ASTs were compound and one was intradermal. All patients with ASTs and Spitz nevi with follow-up of 1 year or more (9/14, 63.3%) were disease-free after an average of 64.2 months; two patients with typical Spitz nevi and two with ASTs were not followed over the long term in the pediatric dermatology clinics after biopsy or excision (range 1-9 months). Of the ASTs, one was from a patient with an agminated Spitz nevus within a nevus spilus. Two other ASTs were diagnosed as invasive melanoma and MelTUMP at an outside hospital. For the lesion originally treated as an invasive melanoma, the patient had undergone a sentinel lymph node biopsy (SLNB) (positive for metastasis) and a completion lymph node dissection (CLND) (negative for metastasis), but had declined interferon treatment and was clinically followed using serial positron emission tomography and computed tomography. The patient was originally diagnosed with a MelTUMP with residual disease treated using wide local excision (WLE) and SLNB, which was negative.
Of the two MelTUMPs diagnosed and treated at Stanford University Medical Center, one was intradermal and one was compound. The patient with the compound MelTUMP, which had features of pigmented epithelioid melanocytoma in the primary tumor, developed regional lymph node metastasis 2 years after WLE and negative SLNB, with subsequent additional regional nodal and distant pulmonary metastasis another 2 years later. The other patient with MelTUMP was lost to follow-up.
The mean Breslow thickness of the five melanomas was 2.3 mm (range 0.85-5.25 mm). Histologic subtypes included one spitzoid, one nevoid, and three superficial spreading (two with ulceration). WLE and SLNB were performed in all patients with melanoma, with SLNB positive in one patient who died from metastatic disease 15 months after diagnosis. Sentinel lymph node biopsy was negative in the other four patients with melanoma, although one developed subsequent regional nodal and in-transit recurrence followed by distant nodal and pulmonary metastasis. Three of the patients with melanoma had no evidence of disease after a mean of 83.3 months of follow-up (range 60-98 months, SD 20.4) ( Table 2) .
FISH Analysis
The four-probe FISH panel detected chromosomal aberrations in all five melanomas and in the one patient with MelTUMP who later developed regional lymph node and distant metastasis. Initial four-probe FISH on the primary tumor specimen of this patient (2 years before LN metastasis and 4 years before distant metastasis) was negative. All 10 ASTs, 4 Spitz nevi, and 1 of 2 MelTUMPs were negative for significant gains or losses in chromosomes 6 and 11q. The average age of the six patients with metastatic disease or positive FISH results was 17.3 years at the time of diagnosis, versus 13.2 years in patients with negative FISH and favorable outcome (Table 3) . Our patient with negative FISH (performed at an outside hospital) on biopsy developed FISH-positive macroscopic lymph node metastasis 2 years later.
The FISH-positive MelTUMP and four of the melanomas (80%) showed aberrations in chromosomes 6 and 11, with aneuploidy of RREB1 and CCND1. The remaining melanoma (with ulceration and eventual regional nodal distant metastases) showed aneuploidy in only CCND1 (chromosome 11).
CONCLUSIONS
Our study demonstrates the strong correlation between positive FISH results in melanocytic neoplasia in children and young adults ages 25 years and younger with morphologic features of melanoma, whereas negative FISH in patients with typical Spitz tumors and ASTs had a favorable long-term outcome. We focused our analysis on a group of controversial melanocytic neoplasms in which differentiation between malignant and benign was considered in 12 cases: 10 ASTs and 2 MelTUMPs. The negative FISH results from cases with a favorable outcome, including all typical Spitz nevi and ASTs, support the utility of this technique in the diagnosis and management of young patients with challenging melanocytic neoplasms. The clinical significance of FISH results may be helpful in ambiguous cases, such as MelTUMPs. Although this study was limited by a small sample size, FISH was able to identify chromosomal abnormalities in the patient with a MelTUMP who subsequently developed metastatic disease. Studies have shown that MelTUMPs and ASTs can metastasize, although there is much debate as to whether SLN metastasis, in particular, affects overall survival in these patients (16) . Our cohort included one person with an AST that was treated at an outside hospital. The patient had a positive SLNB but negative CLND and no evidence of recurrent disease on subsequent follow-up, as well as negative FISH. Five of six FISH-positive cases demonstrated aneuploidy of RREB1 and CCND1, whereas one ulcerated melanoma with eventual LN and distant metastases demonstrated aneuploidy in only CCND1. Gerami et al previously showed that CCND1 gains correlate with poor prognosis in cutaneous malignant melanoma (17) , whereas RREB1 has the greatest sensitivity for melanoma (RREB1, 72.9% vs CCND1, 20% for superficial spreading melanoma) (18) . Likewise, RREB1 and CCND1 gains were found to be more frequently associated with aggressive ASTs (13), although the authors did not comment on the significance of having aneuploidy in one of the two, versus gains in both probes. In our series, the significance of the aggressive, ulcerated melanoma being selectively CCND1 positive remains unclear, although it is an additional case supporting Gerami's finding of the aneuploidy correlating with poor prognosis.
Although studies have evaluated the utility of the four-probe FISH array in detecting the malignant potential of melanocytic lesions in older patients (10) (11) (12) 19) , there have recently been some studies using the 9p21 probe (19) (20) (21) . Biallelic loss of 9p21 (p16) has been shown to correlate well with high-risk ASTs (13, 20) , with greater sensitivity and specificity for clinically aggressive ASTs when used in conjunction with the four-probe FISH array (19, 21, 22) . In addi- tion, ASTs with a homozygous 9p21 deletion more frequently demonstrated severe cytologic atypia, greater dermal mitotic activity, and clinical association of tumor extension beyond the sentinel lymph node than did ASTs with a heterozygous 9p21 deletion (23) . In our cohort, the average age was 13.7 years for the FISH-negative cases and 16.8 years for the FISHpositive cases. Using the two-sample t-test, the pvalue was .16. Unfortunately, patient age was not significant in our cohort as an independent variable to predict positive FISH results. Larger multicenter studies may provide greater power to further evaluate whether age is useful in diagnostic algorithms.
Another molecular adjunct, comparative genomic hybridization (CGH), relies on detection of amplifications and deletions. Comparative genomic hybridization currently requires a larger tumor sample size with a high proportion of malignant cells for analysis and is unable to detect balanced translocations (24) , which are some limitations for widespread clinical use. FISH can be performed on smaller samples with a smaller ratio of malignant to normal melanocytes (25) , although that may be associated with a greater risk of false-positive results from tetraploidy (26) . Conversely, FISH has the limitation of testing targeted specific chromosomal loci, whereas CGH can provide broader information. Some studies have shown better sensitivity for FISH than CGH in the analysis of controversial melanocytic neoplasms (14) , whereas others have demonstrated the opposite (16) . Additional genomic studies are required with long-term follow-up to better delineate the genes that are most helpful for diagnostic classification.
Single-nucleotide polymorphism (SNP) genomic microarrays (GMAs), which may require even less tissue that FISH, have recently been studied (26) . The SNP analysis was 89% sensitive and 100% specific for melanoma, and although the study included Spitz nevi and MelTUMPs, there was no conclusive evidence that SNP-GMA is useful in identifying borderline lesions with malignant potential (26) . Although lack of follow-up data and small sample size limited the study, it suggests the need for further analysis to determine the utility of SNP-GMA.
Our study limitations include small sample size, which is expected because of the rarity of atypical melanocytic lesions and melanomas in the pediatric and young adult population. A strength of our data is the long-term prospective follow-up, an average of nearly 4 years, allowing for clinical outcome correlation with FISH results. A larger, multicenter FISH analysis of atypical melanocytic lesions in the pediatric, adolescent, and young adult population would further validate our findings.
Although additional studies are needed to improve the diagnosis of controversial atypical melanocytic lesions in younger individuals, our study shows that FISH may be a helpful adjunct to current histopathologic diagnostic techniques. The utility of FISH as a complementary modality in the classification of melanocytic tumors in young patients warrants further study, although it appears clinically useful in younger populations with challenging melanocytic neoplasms.
